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Abstract 
The multiphase flow properties of CO2/water systems in permeable rocks control the engineering design 
and management of industrial CO2 sequestration projects. The relative permeability, capillary pressure, 
and residual trapping determine the rate of CO2 injection, the spread of injected CO2 in subsurface storage 
formations, and the long-term immobilization of injected fluid after injection has completed. Due to 
difficulties in working with CO2/brine systems, however, few observations have been made of these 
properties at pressure, temperature, and fluid salinities that exist in target reservoirs. In this paper we 
report on measurements of relative permeability and residual trapping made in a Berea sandstone rock 
core at reservoir conditions. The drainage relative permeability and residual trapping are characteristic of 
multiphase flow in a strongly water-wet system.  
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1. Introduction 
The multiphase flow properties of CO2/water systems in permeable rocks control the engineering 
design and management of industrial CO2 sequestration projects. The relative permeability, capillary 
pressure, and residual trapping determine the rate of CO2 injection, the spread of injected CO2 in 
subsurface storage formations, and the long-term immobilization of injected fluid after injection has 
completed. Due to difficulties in working with CO2/brine systems, however, few observations have been 
made of these properties at pressure, temperature, and fluid salinities that exist in target reservoirs. The 
few measurements that have been made suggest that there may be important differences in the flow 
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physics between CO2/brine systems and the exhaustively studied air/water and hydrocarbon/brine 
systems. As a result, the characterization of multiphase flow properties remains a major engineering 
challenge for the development of CO2 storage.  
The capillary pressure curve describes the percentage of pore space filled by CO2 and water as a 
function of the pressure difference between the fluids (capillary pressure), and is indicative of how the 
two fluids distribute themselves in the pore space. The relative permeability curve describes the 
permeability of the two fluids as a function of saturation (i.e. capillary pressure) and is determined by the 
fluid distribution. Residual trapping describes how much CO2 will be permanently trapped in a pore space 
once invaded by CO2 due to capillary trapping mechanisms and is also indicative of the hysteresis in the 
capillary pressure and relative permeability functions between CO2 invading (drainage) and water-
invading (imbibition) processes. Together, these constitute the continuum scale multiphase fluid 
properties essential for characterizing flow and trapping on reservoir scales.   
These properties vary with rock properties, fluids, temperatures, and pressures in ways that are 
difficult to estimate in the absence of direct observations, but some generalities have been obtained for 
hydrocarbon/water and air/water systems (see Craig 1971 [1]). They are as follows: (1) Capillary pressure 
scales with changes in interfacial tension and contact angle, with increased capillary pressures required to 
obtain equivalent fluid saturations at higher interfacial tensions and lower contact angles. (2) The relative 
permeability will increase for the wetting phase and decrease for the nonwetting phase with decreasing 
wetting phase contact angles (less strongly wetting). (3) At very low interfacial tension, decreases in the 
interfacial tension between fluids will increase the relative permeability of both phases. (4) The residual 
trapping saturation of a nonwetting phase is generally an increasing function of the maximum nonwetting 
phase saturation prior to imbibition, but decreases with less strongly water wet systems, and may even 
have a maximum at intermediate levels of initial saturation. (5) The maximum nonwetting phase 
saturation that can be achieved at high capillary pressures is known as the endpoint saturation and should 
be independent of the fluid pair. For permeable sandstones this is often at 80% nonwetting phase 
saturation or greater, but need not be if significant disconnected pore space exists. The relative 
permeability at the endpoint saturation is known as the endpoint nonwetting phase permeability, and is 
generally above 80% of the absolute rock permeability regardless of the endpoint saturation. 
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Figure 1. Drainage and relative permeability curves following the general observations of [1]. Left: The impact of wettability. Right: 
The impact of interfacial tension. 
A number of recent flow property measurements for CO2/brine suggest that important 
differences may exist for this system [2-8]. The capillary pressure curve appears to scale with P-T 
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conditions in a way that is consistent with a variation of the contact angle between conditions [5]. The 
interfacial tension appears to have a major impact on the relative permeability at high values of interfacial 
tension [6]. Studies testing relative permeability find both low endpoint CO2 saturations and 
correspondingly low endpoint permeability [3,6] in rocks such as Berea sandstones in which high 
endpoint saturations and permeabilities using other fluid systems are observed [9]. Where these represent 
real physical differences for the CO2/brine system, there are major implications for CO2 storage. If 
contact angles are such that the CO2/brine system is not strongly water-wet, CO2 permeability and 
residual trapping would be significantly lower than for hydrocarbon/brine systems.  Reduced endpoint 
saturations and permeability will decrease the injectivity of CO2, cause major alterations in the flow of the 
plume, and decrease the amount of CO2 that can be trapped through the favorable capillary trapping 
mechanism. A strong impact of interfacial tension would result in significant changes in flow properties 
within a single reservoir as a result of changing P-T conditions. It is not currently possible, however, to 
conclude whether these observations were due to differences in generally unknown thermophysical 
properties such as the CO2/brine/rock contact angle, or the result of limitations in the experimental 
approach that was taken (see [3] for a detailed discussion). 
2. Materials and methods 
2.1. Rock cores 
A high permeability (914 mD) homogenous Berea sandstone was obtained from the Berea sandstone 
core company. The sample was typical of Berea sandstones; It is well sorted with submature granular 
features and around 10% clay.  The rock was homogeneous with no apparent bedding planes and minimal 
porosity variation along the length of the core.  The rock was fired at 700°C to stabilize swelling clays 
which are known to be present in Berea sandstones.  
 
2.2. Coreflooding setup 
The core flooding apparatus has been described in previously published studies [3,5]. The rock 
sample was wrapped in a sleeve with layering from the core outwards of heat-shrinkable teflon, nickel 
foil, another layer of heat-shrinkable teflon, and a viton rubber sleeve, and then placed in an aluminum 
core holder. Two high accuracy pressure transducers (Oil filled Digiquartz Intelligent Transmitter, Model 
9000-3K-101) were tapped into the core holder with pressure measured at the inlet and outlet faces of the 
core.  A displacement pump (Teledyne Isco, Model 260D) was used to inject water around the sleeve to 
create the overburden pressure.  Two electric heaters heated the water inside the confining fluid to 
maintain the core at the experimental temperature.  Two dual-pump systems were used to inject water and 
CO2 into the core sample (Teledyne Isco, Model 500D) in a flow loop that allowed for the recirculation of 
fluids from the outlet for reinjection at the inlet. 
2.3. Experiments 
Steady state relative permeability tests were performed to derive the relative permeability-saturation 
relationship for the CO2/water system in each core at 50°C and 9 MPa pore pressure.  The core was 
vacuum dried at 70°C and at 70% constant humidity overnight and subsequently placed in the core-
holder.  For each of the experiments, the outlet end of the core was maintained at a constant pressure of 9 
MPa and a constant pressure of 11.7 MPa was maintained in the confining fluid, i.e., a confining 
overpressure of 2.7 MPa relative to the pore fluid.  
4502   Sam Krevor et al. /  Energy Procedia  37 ( 2013 )  4499 – 4503 
3. Results 
The results of the drainage relative permeability test for the Berea sample is shown in Figure 2 with 
data from [7] for CO2/brine and decane/brine systems at 10 MPa and 45°C on a Berea sandstone with 
permeability 380 mD, from [8] for CO2/brine at 12.4 MPa pore pressure and 50°C on a Berea sandstone 
with permeability 430 mD, and from [9] in which the same results were obtained for both oil/water and 
N2/water in a 200 mD Berea sandstone sample. The observations are characteristic of a strongly water-
wet system. The results of the residual trapping test are plotted along with results from [10] for both 
supercritical CO2/water and decane/water systems in an unfired Berea sample, and oil/water and 
gas/water data from [9] in a fired Berea sample. Our results are consistent with these past experiments 
and appear closer to the decane/water results. In general, our results support the observations of [5] 
suggesting the Berea sandstone to be water wet.  
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Figure 2. Drainage relative permeability (left) and residual trapping (right) characteristic curves for a Berea Sandstone. See the text 
for a description of other datasets include in the graphs. 
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